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Abstract— This paper first provides an overview of the 
pedagogical role of formative assessment in the undergraduate 
engineering classroom. In the last decade, technology-facilitated 
implementation of the collection and analysis of student 
responses has reduced the clerical burden on educators, making 
the practice more widespread.  We discuss some of the reasons 
why this practice may not have yet reached its full potential in 
undergraduate engineering classrooms, as well as some available 
solutions.  
Keywords— formative assessment; engineering education; 
technology-facilitated formative assessment; clickers; InkSurvey; 
open format questions 
 INTRODUCTION  
The importance of embedding formative assessment to 
improve student learning in STEM disciplines is supported by 
theoretical underpinnings and extensive research. This paper 
first briefly describes embedded formative assessment, 
discusses its role in the undergraduate engineering classroom, 
and then looks at how the process has been facilitated by 
today’s technology.  However, in spite of sound theoretical 
foundations, documented learning gains and improved student 
attitudes, and ease of implementation, it is possible that this 
pedagogical practice could be further improved.  Such 
improvements in undergraduate engineering classrooms could 
ultimately foster increased excellence as educators prepare 
their students to contribute to the future workforce. 
WHAT IS EMBEDDED FORMATIVE ASSESSMENT?  
There is so little agreement in the literature of exactly how 
one defines formative assessment that some have suggested the 
need for a new term [1]. In their landmark review of classroom 
formative assessment practices, British educators Black and 
Wiliam [2] define formative assessment “as encompassing all 
those activities undertaken by teachers, and/or by their 
students, which provide information to be used as feedback to 
modify the teaching and learning activities in which they are 
engaged.”  For the purposes of this paper, that definition is 
tightened to include only those activities that occur in the 
classroom, not homework/problem sets or other activities that 
are completed away from the classroom environment—in 
short, it is embedded in classroom activities at moments 
appropriate for the learners. This process not only includes the 
construction of student responses, but also the instructor’s use 
of this glimpse into student thinking to inform subsequent 
instruction to guide modification and refinement of student 
understanding. 
Although this paper limits discussion to classroom use of 
embedded formative assessment, it could easily be broadened 
to demonstrate its applicability in the distance education 
(synchronous or asynchronous) setting as well.  Furthermore, it 
extends easily into informal environments between class 
meetings, such as Just In Time Teaching (JiTT) activities. 
THE ROLE OF FORMATIVE ASSESSMENT IN THE 
UNDERGRADUATE ENGINEERING CLASSROOM 
Embedded formative assessment has strong theoretical 
underpinnings, particularly in a sociocultural constructivist 
view of learning [3]. Vygotsky [4] held that instruction should 
be aimed at the student’s “ripening function”, which would 
require that teachers gather data to locate the student’s zone of 
nearest development (a.k.a. zone of proximal development) to 
target instruction. In practice, we know that Socrates mastered 
this in his conversations with pupils as he probed their 
understanding and actively build on it.  Unfortunately, such a 
discussion with a handful of followers is difficult to re-create in 
an engineering classroom with large enrollment.  
As a university educator engineers an effective learning 
environment for his/her students, there are many factors to 
consider.  After an extensive study, the U.S. National Research 
Council [5] concluded that when designing a classroom 
environment, “formative assessments—ongoing assessments 
designed to make students’ thinking visible to both teachers 
and students—are essential.  They permit the teacher to grasp 
the students’ preconceptions, understand where the students are 
in the ‘developmental corridor’ for informal to formal thinking, 
and design instruction accordingly.  In the assessment-centered 
classroom environment, formative assessments help teachers 
and students monitor progress.”  Pared to its essence, it has 
been suggested that there are only two good reasons to ask 
formative assessment questions in class: to cause thinking and 
to provide information for the teacher about what to do next 
[6]. However, enveloped by the first are others that are widely 
reported and worth noting.  The process of formative 
assessment actively engages every student with their learning 
and increases student metacognition, helping the student realize 
what they know (and thus increase their confidence) and do not 
know (and hopefully prompt them to seek assistance or further 
study).  Furthermore, when students are asked a concept 
question and the answer contradicts their intuitive 
understanding (cognitive dissonance), this can prompt further 
interest in learning [7].  
As the importance of formative assessment in higher 
education became more apparent, Angelo and Cross [8] 
produced a highly regarded manual of fifty assessment 
techniques (“CATs”), targeted for use in college classrooms.  
Although two decades old, this publication still provides useful 
ideas; its authors rely on classroom methods that are unassisted 
by technology, but many of the techniques can be modified to 
take advantage of today’s ubiquitous technology to ease the 
burden of implementation and reduce the time scale. 
TECHNOLOGY-ASSISTED FORMATIVE ASSESSMENT IN THE 
ENGINEERING CLASSROOM 
Readily available and reasonably priced student response 
systems (a.k.a. clickers, audience response systems, personal 
polling devices) greatly streamlined the process of collecting 
formative assessment data from students.  Subsequently, the 
same process is also widely facilitated by texting from student 
cell phones through software such as Poll Everywhere, as well 
as cloud-based applications that rely on students’ mobile 
devices, such as Top Hat.  Regardless of the device and its 
ownership, the concept is the same:  students are able to 
transmit their responses to questions posed by the instructor, 
who receives the input instantaneously.  Both the students and 
the instructor can see in this snapshot of student understanding 
what the students know, and all are “primed” for the 
subsequent instruction that will refine student understanding.  
In short, this technology has enabled real-time formative 
assessment that can be seamlessly integrated into the 
instruction process. The instructor is relieved of the clerical 
demands that were heretofore a burden in collecting formative 
assessments from students.  
As a result, the engineering education literature has 
exploded in the past dozen or so years with reports of 
successful implementations.  Although it is beyond the scope 
of this paper to review this emerging body of evidence, a few 
recent representative publications pertaining to engineering 
education can be referenced from recent conferences, 
illustrating the current use of technology-facilitated formative 
assessment in  a lower-level engineering mechanics course 
(Statics) [9], upper-level fluid mechanics course [10],  a civil 
engineering course on foundation design [11], an industrial 
engineering course on engineering economy [12], a large 
computer science class [13], and graduate level engineering 
courses [14]. 
Many large universities with centers for engineering 
education have webpages and other resources to support the 
effective use of this technology for formative assessment in 
diverse applications in engineering classrooms [e.g. 15, 16].  
Often, however, these do not address some important points 
that may be preventing this instructional model from reaching 
its full potential: 
 For the formative assessment cycle to improve 
learning, the instructor needs to respond to student 
input, addressing the misconceptions revealed. 
Indeed, instructor response has been described as the 
“linchpin” that links together all the parts of the 
formative assessment process [17]. One shortcoming 
of much of the research supporting the use of 
formative assessment is that the instructor response 
has not been well documented; typically, all that one 
knows is that the student responses were collected. In 
one study [18], even when teachers received 
professional development training in formative 
assessment and knew they were being videotaped in 
an experimental study on embedded formative 
assessment, they did not consistently respond 
appropriately to student feedback to modify student 
understanding. In the greater educational 
environment, instructors are often unsure what to do 
with the insights they receive through formative 
assessment [19]. Although lack of instructor response 
should still yield the benefits of actively engaging 
students in the learning process and improving their 
metacognition, if the instructor does not use the 
feedback to correct student misunderstandings, the use 
of formative assessment will not reach its full 
potential in improving learning.  
 For the formative assessment process to improve 
learning, the instructor must be flexible and mentally 
agile.  Sadly, we have heard educators say they simply 
don’t want to know what the students don’t 
understand; they have prepared their lecture and want 
to deliver it without interruptions. Admittedly, it can 
be intimidating to need to change classroom delivery 
when one discovers that students still harbor 
misconceptions at the end of the planned instruction.  
Those uncomfortable with this could collect formative 
assessment at the end of a class and use the student 
feedback to inform instruction at the next class, thus 
giving the instructor more time to contemplate and 
design a new strategy for refining student 
understanding.  
 For the formative assessment process to improve 
learning, the questions need to reveal student thinking.   
Instructors need to design formative assessments that 
“will reveal not only whether a student appears to 
have mastered a concept but also how he or she 
understand it [20].”  Some engineering educators have 
students equipped with technology that could 
facilitate meaningful formative assessment, but 
instead choose to use this technology in their 
classroom to monitor attendance.  It is not surprising 
that when students are thus accountable for their 
attendance, attendance improves (which is a good 
thing). Perhaps it is also not too surprising that when 
engineering students are in a situation where 
technology is used to monitor their attendance, they 
find a way to reverse engineer the system to fake their 
attendance [21] (which isn’t a good thing, but may be 
viewed as encouraging evidence of students finding a 
practical application of the education they are 
receiving).  
For the convenience and simplicity of clicker and cell 
phone/texting technology, the trade-off may be their limitations 
to multiple choice and other questions that require very short 
answers.  However, doubts about the validity of multiple 
choice questions in measuring student learning are not new 
[22].   
Another problem that must be acknowledged is that 
multiple choice questions typically imply there is only one 
correct answer, and it is one of the choices given. This makes it 
very difficult to nurture creativity in student solutions to 
problems.  Additionally, it is difficult to determine the student 
thought processes that support a certain answer, and it is 
possible for students to arrive at the correct response for the 
wrong reason.  
Furthermore, it has been our experience that a common 
sentiment among engineering educators is that a subject as 
complex as the one they are teaching simply cannot be reduced 
to multiple choice questions. To overcome all of these 
limitations of multiple choice questions, engineering educators 
may prefer to use open-format questions for formative 
assessment.  
USING OPEN-FORMAT QUESTIONS FOR FORMATIVE 
ASSESSMENT 
Open-format questions are those that require the student to 
construct a response beyond multiple choice, true/false, or a 
simple numeric answer. Some of the advantages in using open-
format real-time formative assessment include: 
(1) Responses to open-format questions can incorporate 
many of the higher levels of thinking in Bloom’s taxonomy and 
thus allow a deep probing of student understanding through 
writing, proving, solving, drawing, etc.;   
(2) Student responses better model workplace performance 
(employees are seldom asked multiple choice questions on the 
job), allowing us to better prepare the engineers of the future; 
(3) This is an implementation of writing-to-learn in large 
classrooms. Emig’s [23] contention that “writing represents a 
unique mode of learning” acknowledges that when students 
write about content, they understand it better and remember it 
longer; 
 (4)  Students can avoid embarrassment by anonymously 
asking questions and/or submitting responses that reveal their 
(perhaps incorrect) thinking; and 
 (5) They provide a mechanism for revealing student 
thought processes. The rich information about student thinking 
(both understandings and misconceptions) clearly exposed in 
responses to open-format questions can then constructively 
direct instruction.  
To illustrate the richness of student input when open-format 
questions are used, we present some examples from an 
undergraduate intermediate electromagnetics course for third 
year engineering physics majors at a publicly-supported 
university in the United States. Sixty students were asked to 
respond in class to this open-format formative assessment 
question, which was embedded in the instruction immediately 
after delivery of content regarding Gauss’s law: 
“Derive an integral expression for Gauss's law to find 
the electric field inside a sphere with charge that 
increases linearly with radius. Indicate limits and 
justify steps in your answer.” 
Students constructed their responses with digital ink on 
Tablet PCs, and submitted them to the instructor using 
InkSurvey--free, platform-independent software designed for 
this purpose [24]. In a quick look at the student response 
sketches, the instructor could immediately see the method 
chosen for the solution. Students either employed Gauss's law 
or the more generally useful but difficult integral of the dE's 
due to dq's. Their ability to express the infinitesimal charge in 
appropriate variables, determine appropriate limits on the 
integrals, and evaluate the dot product is also quickly revealed 
to the instructor viewing these responses. 
One surprise from the graphical submissions is students’ 
lack of fluency in calculus, as shown by their inability to 
express the infinitesimal charge. This is often an obvious result 
of not being able to use calculus to determine surface areas and 
volumes of simple geometrical objects. They then have 
difficulty determining appropriate limits on the integrals, and 
also in evaluating the dot product. Such struggles are quickly 
recognized by the instructor viewing these responses. 
Another surprise in viewing the responses is the shortcuts 
taken in finding a solution. Dot products are often ignored, 
resulting in a further misunderstanding of the utility of Gauss's 
law. The use of symmetry arguments in simplifying the integral 
is mostly non-existent. Integrals are written without a variable 
of integration. From these responses, it is apparent that the 
students had been lulled into the belief that they understood the 
derivation from listening to the lecture. The attitude driving 
many students’ problem solving methods seems to be 
dominated by one of a quest for a quick answer. 
To further illustrate, we offer the results of the follow-up 
formative assessment question: 
“Sketch the electric field as a function radius for both 
inside and outside the sphere for the parameters of the 
previous problem.” 
Again, the electronic sketches submitted by the students 
can be quickly interpreted. It is surprising how many responses 
ignore the result they just derived! The solution that is 
sometimes chosen is one they are familiar with (a charged 
conducting sphere) rather than the one they just solved (a 
sphere with charge which increases linearly with radius). It is 
as if the derivation question and the request to graph the results 
of that derivation are unrelated problems, even though only a 
few minutes separated them during the class. 
With these open-format questions, the instructor can see if 
the student can construct a solution which is based on 
identifying fundamental principles and deduce logical 
conclusions from those principles. The student responses 
provide an unparalleled glimpse into student thinking and 
inform the instructor’s next strategy for scaffold guidance. This 
course is a journey toward improved critical thinking skills 
[25]. Through the use of real-time formative assessment, the 
students become more concerned about the journey to find a 
solution and less about the answer. 
In the examples above, the student responses to the open-
format questions were graphical and could be “processed” by 
the instructor very quickly, even for sixty students.  For fairly 
brief written student responses (but perhaps beyond the limits 
of text messages), students can respond to open-format 
questions in google docs [26].  There are also reports in the 
recent literature [27] of efforts to use automated text analysis of 
written formative assessments. Still under development, the 
current turn-around time for this is less than one day for classes 
of 300; perhaps in the future this time will be reduced enough 
to make this a viable option for classroom use. 
CONCLUSIONS 
Undergraduate engineering education is being improved by 
the use of embedded formative assessment to encourage active 
learning, increase student metacognition, and inform 
instruction. Much of the recent growth of this trend was 
triggered by the use of inexpensive technology to collect and 
analyze student responses, thus reducing the clerical burden on 
the instructor.  
 
For many engineering educators, this is new territory with a 
landscape quite different from the one in which they were 
educated.  As a result, there are many explorations underway 
in diverse areas of engineering education, looking at how to 
use the process of formative assessment most effectively and 
how to best facilitate it with our rapidly evolving technology. 
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